Inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs) are IP3-gated Ca 2؉ channels that are located on intracellular Ca 2؉ stores. We previously identified an IP 3R binding protein, termed IP3R binding protein released with IP3 (IRBIT). Because IRBIT is released from IP3R by physiological concentrations of IP3, we hypothesized that IRBIT is a signaling molecule that is released from IP3R and regulates downstream target molecules in response to the production of IP3. Therefore, in this study, we attempted to identify the target molecules of IRBIT, and we succeeded in identifying Na ؉ ͞HCO3 ؊ cotransporter 1 (NBC1) as an IRBIT binding protein. Of the two major splicing variants of NBC1, pancreas-type NBC1 (pNBC1) and kidney-type NBC1 (kNBC1), IRBIT was found to bind specifically to pNBC1 and not to bind to kNBC1. IRBIT binds to the N-terminal pNBC1-specific domain, and its binding depends on the phosphorylation of multiple serine residues of IRBIT. Also, an electrophysiological analysis in Xenopus oocytes revealed that pNBC1 requires coexpression of IRBIT to manifest substantial activity comparable with that of kNBC1, which displays substantial activity independently of IRBIT. These results strongly suggest that pNBC1 is the target molecule of IRBIT and that IRBIT has an important role in pH regulation through pNBC1. Also, our findings raise the possibility that the regulation through IRBIT enables NBC1 variants to have different physiological roles.
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pH ͉ acidosis ͉ phosphorylation I nositol 1,4,5-trisphosphate (IP 3 ) receptors (IP 3 Rs) are intracellular Ca 2ϩ -release channels that are located on intracellular Ca 2ϩ -storage organelles, mainly the endoplasmic reticulum (ER) (1) . IP 3 Rs release Ca 2ϩ from the ER into the cytoplasm and increase the cytoplasmic concentration of Ca 2ϩ in response to the binding of a second messenger, IP 3 . This IP 3 -Ca 2ϩ pathway regulates many biological processes, including cell growth, cell differentiation, apoptosis, synaptic plasticity, secretion, and fertilization (1) .
We identified (2) an IP 3 R binding protein, termed IP 3 R binding protein released with IP 3 (IRBIT). IRBIT consists of an N-terminal domain (residues 1-104), which contains a serine͞threonine-rich region, and a C-terminal domain (residues 105-530), which has homology with the methylation pathway enzyme S-adenosylhomocysteine hydrolase. We found (2) that the N-terminal amino acids 1-277 of IRBIT are sufficient for the interaction with the IP 3 R and that the interaction between IRBIT and the IP 3 R is inhibited by physiological concentrations of IP 3 , indicating that IRBIT interacts with the IP 3 R in the resting state and dissociates from the IP 3 R when IP 3 production is induced by extracellular stimuli. Therefore, we speculated that IRBIT acts as a signaling molecule that dissociates from the IP 3 R and regulates target proteins in response to IP 3 production, raising the possibility of the existence of an unidentified pathway, the IP 3 -IRBIT pathway.
The Na ϩ ͞HCO 3 Ϫ cotransporter 1 (NBC1) is a membraneintegrated transporter protein that mediates the coupled movement of Na ϩ and HCO 3 Ϫ ions across the plasma membrane (3). Because NBC1 transports Ͼ1 HCO 3 Ϫ ion (2 or 3) per Na ϩ ion, the transport that is mediated by NBC1 is associated with a net movement of negative charge across the membrane. We and other researchers (4) (5) (6) (7) (8) have reported that inactivating mutations of the human NBC1 gene SLC4A4 cause proximal renal tubular acidosis associated with ocular abnormalities and stunted growth. Also, some patients with NBC1 mutations have elevated pancreatic enzyme levels and͞or mental retardation (4, 5, 7, 8) . These findings indicate that NBC1 has essential roles not only in whole-body acid-base balance but also in the maintenance of homeostasis in several tissues. There are two major splicing variants of NBC1, pancreastype NBC1 (pNBC1) (9) and kidney-type NBC1 (kNBC1) (10) (11) (12) . pNBC1 and kNBC1 are 93% identical, but the N-terminal 85 aa of pNBC1 are replaced by 41 different amino acids in kNBC1. Despite their high sequence similarity, these NBC1 variants are thought to have quite different physiological roles. pNBC1 is predominantly expressed in the pancreas, and lower levels are expressed in several organs, including the brain and eyes (9, 13) . In pancreas, pNBC1 is thought to mediate HCO 3 Ϫ uptake into pancreatic duct cells in response to hormonal stimulation (3). However, expression of kNBC1 is almost completely limited to the kidney (9) , where it mediates constitutive HCO 3 Ϫ exit from proximal tubules (3). However, the molecular mechanism underlying these different physiological roles of NBC1 variants has not been elucidated.
In this study, we demonstrated that IRBIT specifically binds to pNBC1 and does not bind to kNBC1 at all. Also, an electrophysiological analysis in Xenopus oocytes demonstrated that pNBC1 requires coexpression of IRBIT to manifest substantial activity comparable with that of kNBC1, which displays substantial activity independently of IRBIT. These results strongly suggest that pNBC1 is the target molecule of IRBIT, and raise the possibility that regulation through IRBIT explains the difference between the physiological roles of NBC1 variants.
in mouse cerebellar extracts, because IRBIT is highly expressed in the cerebellum (2) . Because a previous report suggested that substantial amounts of IRBIT are tightly bound to the membrane fraction of the cerebellum (2), we fractionated cerebellar extracts into a cytoplasmic fraction and membrane fraction and analyzed them separately. IRBIT binding proteins were collected from the fractions by immunoprecipitation with anti-IRBIT Ab and separated by SDS͞PAGE, and several proteins that were specifically immunoprecipitated by anti-IRBIT Ab were found in both fractions (Fig. 1A) . We focused on the two major broad bands of anti-IRBIT immunoprecipitate from the membrane fraction (Ϸ150 and Ϸ350 kDa, asterisks in Fig. 1 A) and identified the proteins in the bands. Surprisingly, sequences of peptides obtained by digestion of both bands matched the sequence of a single protein, called NBC1 (Fig.   1B, underlined residues) . NBC1 is a membrane-integrated transporter protein that mediates the coupled movement of Na ϩ and HCO 3 Ϫ ions across the plasma membrane (3). The predicted molecular mass of NBC1 is Ϸ120 kDa, and because NBC1 has several N-glycosylation sites, the broad band with an apparent molecular mass of 150 kDa should contain NBC1 monomer. We speculated that the broad band with an apparent molecular mass of 350 kDa contained the SDS-resistant multimer of NBC1.
We then confirmed the interaction between endogenous IRBIT and NBC1 by coimmunoprecipitation experiments. The cerebellar membrane fraction was immunoprecipitated with anti-IRBIT and anti-NBC1 Ab, and the immunoprecipitates were subjected to Western blotting with anti-IRBIT, anti-NBC1, and anti-IP 3 R Ab. Endogenous IRBIT was coimmunoprecipitated by anti-NBC1 Ab, and endogenous NBC1 was coimmunoprecipitated by anti-IRBIT Ab ( Fig. 1C Top and Middle), confirming the interaction between endogenous IRBIT and NBC1. IP 3 R was coimmunoprecipitated by anti-IRBIT Ab, as described in ref. 2 but not by anti-NBC1 Ab (Fig.  1C Bottom) , suggesting that IRBIT is incapable of interacting with both IP 3 R and NBC1 simultaneously to form a ternary complex. To investigate whether the interaction between endogenous IRBIT and NBC1 is specific for the cerebellum, we performed coimmunoprecipitation experiments with COS-7 cell lysate. We detected a considerable amount of endogenous IRBIT and NBC1 in each immunoprecipitate from the COS-7 cell lysate, but we did not detect coimmunoprecipitation of these proteins (Fig. 1D , ϪCa 2ϩ ), and we concluded that the interaction between endogenous IRBIT and NBC1 in COS-7 cells is regulated. Because IRBIT may mediate the signal downstream of IP 3 production, we hypothesized that IP 3 R-induced Ca 2ϩ release enhances the interaction between IRBIT and NBC1. We then added 2 mM CaCl 2 to the lysis buffer containing 2 mM EDTA (estimated free Ca 2ϩ concentration, Ϸ6.7 M) and performed coimmunoprecipitation experiments. The results showed coimmunoprecipitation of endogenous IRBIT and NBC1 in the presence of CaCl 2 ( Fig. 1D , ϩCa 2ϩ ), suggesting that the interaction between endogenous IRBIT and NBC1 in COS-7 cells is regulated by the intracellular Ca 2ϩ concentration. Because the interaction between endogenous IRBIT and NBC1 in the cerebellar membrane fraction did not require the addition of Ca 2ϩ (Fig. 1C) , the results suggested that the interaction between IRBIT and NBC1 is regulated in a cell-type-specific manner.
IRBIT Specifically Binds to pNBC1. NBC1 is predicted to contain at least 10 transmembrane domains and cytoplasmic N and C termini (14) . Because IRBIT is a cytoplasmic protein, either the N-or C-terminus of NBC1 may contain the region that interacts with IRBIT. NBC1 has two major splicing variants, pNBC1 (9) and kNBC1 (10, 11) , and they differ only in their N-terminal sequence, with the first 85 aa in pNBC1 being replaced by 41 different amino acids in kNBC1 ( Fig. 2A) . To identify the region of NBC1 responsible for the interaction with IRBIT, we constructed the six deletion mutants of the N and C termini of NBC1 shown in Fig. 2 A and analyzed their interaction with IRBIT by pull-down assay. Maltosebinding protein (MBP)-fused recombinant proteins of these deletion mutants were incubated with COS-7 cell lysate expressing hemagglutinin (HA)-tagged IRBIT (HA-IRBIT), and the proteins pulled down with recombinant proteins were subjected to Western blotting with anti-HA Ab. HA-IRBIT was specifically pulled down with the deletion mutant proteins containing pNBC1 specific 85 aa (Fig. 2B Top, pull-down, ϩ, filled triangle). A pull-down assay with control COS-7 cell lysate demonstrated that endogenous IRBIT was also pulled down by the deletion mutant proteins containing the pNBC1-specific domain (Fig. 2B Middle, pull-down, Ϫ, open triangle). These results strongly suggest that the pNBC1-specific domain is required and sufficient for the interaction with IRBIT. Also, the only difference in Coomassie brilliant blue (CBB) staining pattern between samples containing and not containing HA-IRBIT were HA-IRBIT protein bands with substantial intensity ( Lower, filled triangle). If the interaction between HA-IRBIT and recombinant protein is mediated by another protein(s), such protein(s) should be present in substantial amounts and should be detected by CBB staining. Therefore, we considered that the interaction between IRBIT and pNBC1 is direct.
We confirmed the interaction between IRBIT and the pNBC1-specific domain by coimmunoprecipitation assay. COS-7 cells were transfected with GFP-tagged NBC1 (GFP-NBC1)-expressing plasmid and͞or HA-IRBIT-expressing plasmid, and cell lysates were subjected to immunoprecipitation with anti-GFP and anti-HA Ab. We found that GFP-pNBC1 and HA-IRBIT were coimmunoprecipitated with each other, whereas GFP-kNBC1 was not coimmunoprecipitated with HA-IRBIT (Fig. 2C) . These results clearly demonstrated that IRBIT specifically interacts with pNBC1 and does not interact with kNBC1.
To more precisely identify the region of pNBC1 responsible for the interaction with IRBIT, we prepared the additional deletion mutant proteins shown in Fig. 2D and tested them for interactions with IRBIT by pull-down assay. The results showed that MBPpNBC1 (1-62) interacted with HA-IRBIT (Fig. 2E) . Further deletion of amino acids 1-18 or 37-62 interfered with the interaction with HA-IRBIT (Fig. 2E) . These results indicated that the IRBIT-interacting region could not be narrowed down to a short primary amino acid sequence and that IRBIT may require the 3D structure of the pNBC1-specific domain for its interaction.
Interaction Between IRBIT and pNBC1 Depends on the Phosphorylation of IRBIT. As reported in ref. 2, the interaction between IRBIT and IP 3 R depends on the phosphorylation of IRBIT. IRBIT has a serine͞threonine-rich region in its N-terminal domain, and by testing alanine and glycine substitution mutants we demonstrated that phosphorylation of multiple serine residues in this region is important for the interaction with IP 3 R (20) . To investigate the importance of phosphorylation of the serine͞threonine-rich region for the interaction with pNBC1, we investigated the interaction between pNBC1 and these substitution mutants by pull-down assay. Of the 18 substitution mutants, 2 (the S68A and S71A mutants) had completely lost binding activity for pNBC1, and the S74G and S77A mutants had lost considerable binding activity for pNBC1 (Fig. 3A) , suggesting that phosphorylation of the Ser-68, Ser-71, Ser-74, and Ser-77 residues is indispensable for the interaction with pNBC1. Next, we investigated the importance of phosphorylation of IRBIT by coimmunoprecipitation assay. COS-7 cells were transfected with HA-tagged WT or S68A IRBIT-expressing plasmid and͞or GFPpNBC1-expressing plasmid, and cell lysates were subjected to immunoprecipitation. S68A IRBIT hardly interacted with pNBC1 in the coimmunoprecipitation assay (Fig. 3B) , and the results strongly suggested that phosphorylation of IRBIT is required for the interaction with pNBC1.
Conformation of IRBIT Is Required for the Interaction with pNBC1.
To identify the region of IRBIT that is responsible for the interaction with pNBC1, we investigated the interaction between pNBC1 and IRBIT deletion mutants by pull-down assay. Because serine residues required for the interaction with pNBC1 are present in the N-terminal domain of IRBIT, we speculated that the N-terminal domain of IRBIT contains the region responsible for the interaction with pNBC1. However, the results showed that neither the Nterminal nor the C-terminal domain of IRBIT interacted with pNBC1 (Fig. 4A) . Because we doubted that the N-terminal domain of IRBIT contains an inhibitory region, we produced deletion mutants of the N-terminal domain of IRBIT and analyzed the interaction with pNBC1. As shown in Fig. 4B , none of the deletion mutants interacted with pNBC1. These results raise the possibility that the 3D structure of full-length IRBIT is required for the interaction with pNBC1. The N-terminal amino acids 1-277 of IRBIT, which are sufficient for the interaction with IP 3 R (2), did not interact with pNBC1 (Fig. 4A) . Also, we found that the interaction between IRBIT and the pNBC1-specific domain was not inhibited by physiological concentrations of IP 3 in pull-down assay (data not shown). These results demonstrated that the conformational requirements for the interaction with pNBC1 and IP 3 R are different. (Fig. 5A) . Surprisingly, however, coexpression of IRBIT increased the pNBC1 current by Ϸ7-fold, to a level comparable with the kNBC1 current (Fig. 5A) . However, coexpression of IRBIT did not affect the kNBC1 current, and expression of IRBIT alone did not induce any NBC1 current (Fig. 5A) . To examine the effect of IRBIT in greater detail, we determined the current-voltage (I-V) relationship by applying step pulses between V m ϭ Ϫ160 to 60 mV. As shown in Fig.  5B , coexpression of IRBIT markedly activated the pNBC1 current, and it became comparable with the kNBC1 current over the entire voltage range. However, IRBIT did not significantly modify the electrical properties of pNBC1, such as linearity and reversal potential (Fig. 5B) . Next, to examine the role of the physical interaction between pNBC1 and IRBIT, we tested the effects of binding-deficient mutants of IRBIT (S68A, S71A, S74G, and S77A). As shown in Fig. 5C , none of the mutants increased the pNBC1 current, indicating that the direct interaction between IRBIT and pNBC1 is indispensable for stimulation of pNBC1 activity. To clarify the mechanism of pNBC1 activation by IRBIT further, we analyzed the effect of IRBIT on the amount and surface expression of pNBC1. To facilitate the detection of pNBC1, Cterminal GFP-tagged pNBC1 (pNBC1-GFP), which was similarly activated by IRBIT (Fig. 5D) , was used in these experiments. Western blotting of the extracts of injected oocytes demonstrated that the amount of pNBC1-GFP was unaffected by coexpression of IRBIT (Fig. 5E) , and examination with a confocal laser scanning microscope revealed that the surface expression of pNBC1-GFP was also unaffected by coexpression of IRBIT (Fig. 5F ). These results indicate that IRBIT increases pNBC1 activity without changing its amount or surface expression.
Discussion
We identified (2) an IP 3 R binding protein, termed IRBIT. Because IRBIT dissociates from IP 3 R in the presence of physiological concentrations of IP 3 (2), we hypothesized that IRBIT is a signaling molecule that dissociates from IP 3 R and regulates downstream target molecules in response to the production of IP 3 . In this study, we demonstrated that IRBIT specifically and directly binds to pNBC1 (Fig. 2) and that IRBIT markedly potentiates the activity of pNBC1 in Xenopus oocytes (Fig. 5 A-D) . These results indicate that pNBC1 is the target molecule of IRBIT and that IRBIT is a multifunctional molecule that regulates not only IP 3 R activity (20) but also pNBC1 activity. This finding demonstrates a function of IRBIT in the regulation of intracellular and extracellular pH through pNBC1. Also, the identification of another target molecule besides IP 3 R raises the possibility that IRBIT functions as a signaling molecule downstream of IP 3 production. Further elucidation of IRBIT target molecules might reveal the full spectrum of biological processes regulated by IP 3 production. Fig. 2 A) , and bound proteins were pulled down and subjected to Western blotting with anti-GFP Ab. Filled triangles indicate the migrations of GFP-fused IRBIT deletion mutant proteins.
In this study, we showed that coexpression of IRBIT is required for pNBC1 to manifest substantial activity comparable with that of kNBC1, which displays substantial activity independently of IRBIT ( Fig. 5 A and B) . This marked and specific effect of IRBIT on pNBC1 may be of great relevance to the different physiological roles of NBC1 variants. kNBC1 is expressed predominantly in the kidney (9) , where it mediates HCO 3 Ϫ reabsorption from renal proximal tubules (3), whereas pNBC1 is expressed predominantly in the pancreas (9) , where it mediates HCO 3 Ϫ secretion from pancreatic duct cells (3) . In contrast to the rather constant HCO 3 Ϫ reabsorption rates from renal proximal tubules, HCO 3 Ϫ secretion from pancreatic duct cells should be minimal in basal state and be rapidly enhanced by hormonal stimulation (3). Although HCO 3 Ϫ secretion from pancreatic duct cells is primarily regulated by cAMP production rather than by IP 3 production, it is tempting to speculate that the interaction between pNBC1 and IRBIT may also contribute to this process. The importance of IRBIT in the regulation of pNBC1 activity in vivo remains to be tested by using an IRBIT knockdown system. Recently, we found that IP 3 R2 and IP 3 R3 double-knockout mice exhibit a defect in nutrient digestion caused by impaired pancreatic juice secretion (15) . Because exocytosis of digestive enzymes from pancreatic acinar cells has been shown to require intracellular Ca 2ϩ mobilization (16), we attributed the deficit of pancreatic juice secretion to a lack of exocytosis of digestive enzymes (15) . However, the results of this study raise the possibility that HCO 3 Ϫ secretion from pancreatic duct cells may be also impaired in IP 3 R2 and IP 3 R3 double-knockout mice as a result of impairment of IRBIT mobilization in a cAMP-independent manner. Investigation of HCO 3 Ϫ secretion from pancreatic duct cells in the double-knockout mice would clarify the importance of IP 3 Rs and IRBIT in the regulation of pNBC1 activity in vivo. Despite the marked pNBC1 activation by IRBIT, we were unable to detect any effect of IRBIT on the amount or the surface expression of pNBC1 in Xenopus oocytes (Fig. 5 E and F) . Also, the cell surface biotinylation technique revealed that cell surface localization of pNBC1 was unaffected by coexpression of IRBIT in HEK293 cells (data not shown). These findings suggest that IRBIT activates pNBC1 through a molecular mechanism other than transcriptional regulation, translational regulation, or regulation of intracellular trafficking. One speculation is that the N-terminalspecific domain of pNBC1, but not of kNBC1, interferes with ionic flows through transmembrane domains in a manner analogous to the ball-and-chain model proposed for a voltage-dependent potassium channel (17) and that the binding of IRBIT may somehow free pNBC1 from this interference. Although this model nicely explains the much lower activity of pNBC1 than that of kNBC1 in the absence of IRBIT, its validity remains to be tested.
As shown in Fig. 1 C and D , addition of Ca 2ϩ to the lysis buffer was necessary to detect any interaction between endogenous IRBIT and NBC1 in the COS-7 cell lysate, whereas the interaction between endogenous IRBIT and NBC1 in the cerebellar membrane fraction was detected in the absence of Ca 2ϩ , suggesting that the interaction between IRBIT and NBC1 is regulated in a cell-type-specific manner. We found that the apparent molecular mass of endogenous NBC1 of COS-7 cells was slightly higher than that of the cerebellar membrane fraction in SDS͞PAGE (data not shown). This finding raises the possibility that NBC1 undergoes different posttranslational modification in COS-7 cells and in the cerebellar membrane fraction, and that the modification in COS-7 cells 
